Genetically encoded biosensors based on FRET have enabled the visualization of signaling events in live cells with high spatiotemporal resolution. However, the limited sensitivity of these biosensors has hindered their broad application in biological studies. We have paired enhanced CFP (ECFP) with YPet, a variant of YFP. This ECFP/YPet FRET pair markedly enhanced the sensitivity of biosensors (several folds enhancement without the need of tailored optimization for each individual biosensor) for a variety of signaling molecules, including tyrosine kinase Src, small GTPase Rac, calcium, and a membrane-bound matrix metalloproteinase MT1-MMP. The application of these improved biosensors revealed that the activations of Src and Rac by PDGF displayed distinct subcellular patterns during directional cell migration on micropatterned surface. The activity of Rac is highly polarized and concentrated at the leading edge, whereas Src activity is relatively uniform. These FRET biosensors also led to the discovery that Src and Rac mutually regulate each other. Our findings indicate that molecules within the same signaling feedback loop can be differentially regulated at different subcellular locations. In summary, ECFP/YPet may serve as a general FRET pair for the development of highly sensitive biosensors to allow the determination of molecular hierarchies at subcellular locations in live cells.
F
RET is a phenomenon of quantum mechanics allowing the detection of distance/orientation changes between fluorophore pairs (1) . Genetically encoded FRET biosensors consisting of a donor and an acceptor fluorescence protein (FP) can be conveniently introduced into cells and targeted to subcellular compartments. Hence, these biosensors have been widely developed and applied for the detection of various molecular activities in live cells with high spatiotemporal resolution (2) . Early studies used enhanced blue FP (EBFP) and enhanced GFP (EGFP) as the FRET pair for biosensor development (1) . Because enhanced CFP (ECFP) has better extinction coefficient, quantum yield, and photostability than EBFP (3), ECFP and variants of enhanced YFP (EYFP) have become the most popular FRET pairs. However, the sensitivity of many biosensors based on ECFP and EYFP is generally limited. Recently, a high-efficiency FRET pair, CyPet and YPet, has been developed to significantly enhance the dynamic range of a protease biosensor (4) . However, CyPet folded poorly at 37°C and hence is not suitable for live cell imaging (5) . Therefore, other FP pairs are desired for the development of highly sensitive FRET biosensors.
Src kinase plays crucial roles in a variety of cellular functions, including angiogenesis and cancer development (6) . For example, angiogenic VEGF has been shown to activate Src to regulate cell motility and migration during angiogenesis process (7) . It has also been documented that Src contributes to cell migration by modulating Rac, a small GTPase controlling cell protrusion and lamellipodia formation (8) . Src can phosphorylate p130cas, which recruits Crk and DOCK180 (9) . Src can also activate PI3K and its product, PIP3, to recruit and activate DOCK180 (9-11).
The activated DOCK180 can bind to ELMO and activates Rac (12) . Other guanine exchange factors (GEFs) of Rac, e.g., Vav2 and Tiam1, can also be recruited to plasma membrane by PIP3 or directly phosphorylated by Src to induce the Rac activation (13, 14) . However, Rac and other family members of Rho small GTPases were suggested to mediate the correct localization and activation of Src (15) . PDGF activates both Src and Rac to regulate cell migration (15, 16) . However, the spatiotemporal interrelationship between Src and Rac in regulating cell migration is not clear.
In this article, we have paired ECFP and YPet to develop sensitive FRET biosensors. The results revealed that YPet as an acceptor paired with ECFP can significantly enhance the sensitivity of a variety of FRET biosensors compared with the popular FRET pairs consisting of ECFP and EYFP variants (Citrine or Venus). The ECFP/YPet-based Src biosensor allowed the observation of a VEGF-induced transient Src activation with subcellular gradient, which was not detectable with the biosensor based on ECFP and Citrine. With the improved biosensors, we further visualized that Src and Rac mutually regulate each other in response to PDGF but differ in subcellular distribution. This phenomenon was particularly obvious when cells were induced to have a directional migration along micropatterned stripes (10 m in width) coated with extracellular matrix (ECM) proteins. Hence, our results indicate that ECFP and YPet may serve as a general FRET pair for the development of highly sensitive biosensors for the determination of molecular hierarchy at different subcellular locations in live cells.
Results

Spectra Properties of Purified FRET Biosensors.
The main limitation of genetically encoded FRET biosensors based on FPs is their poor sensitivities (17) . We have paired YPet with ECFP and examined the derived biosensors. We replaced Citrine in a Src FRET biosensor (18) with YPet. In vitro kinase assay revealed that Src kinase induced an Ϸ120% donor/acceptor emissionratio change of the ECFP/YPet-based biosensor compared with a 25% change of the ECFP/Citrine-based biosensor [ Fig. 1A , supporting information (SI) Fig. S1 A] . The replacement of Citrine with cpVenus, a circularly permutated version of Venus that significantly enhanced the sensitivity of a calcium biosensor (19) , only slightly increased the dynamic range of the Src biosensor to 40% change ( Fig. 1 A, Fig. S1 A) . We further examined the effect of YPet as a FRET acceptor on other biosensors. The acceptor/donor emission ratio of a YPet-based Rac biosensor Raichu-Rac with an active mutation V12 (Raichu- The authors declare no conflict of interest. RacV12) was 46% higher than that with a negative mutation N17 (Raichu-RacN17). In contrast, it was 28% or 26% when Venus or cpVenus was used for Raichu-Rac, respectively (Fig. 1B, Fig.  S1B ). A significantly enhanced sensitivity of a MT1-MMP FRET biosensor was also observed with YPet as the acceptor (570% change before and after MT1-MMP cleavage), compared with 100% with ECFP/Citrine pair and 90% with ECFP/cpVenus pair (Fig. 1C, Fig. S2B ). We further examined the effect of YPet for an ECFP/cpVenus-based calcium biosensor that has been meticulously optimized to achieve a superior sensitivity (19) . In our hand, a 350% change of cpVenus/ECFP emission ratio can be observed between calcium free and calcium saturated solutions (Fig. 1D, Fig. S2A ). When cpVenus was replaced with Citrine, the sensitivity was reduced to 65%, which can be restored to 135% when replacing Citrine with YPet (Fig. 1D, Fig. S2A ). These results indicate that YPet as the acceptor for FRET can significantly enhance the dynamic range of biosensors for different kinds of molecules, including Src kinase, Rac small GTPase, and MT1-MMP. YPet appears inferior to cpVenus for a Ca 2ϩ biosensor in vitro. However, it should be noted that this Ca 2ϩ biosensor was tailored and optimized specifically for cpVenus.
ECFP and YPet Enhanced the Sensitivity of FRET Biosensors in Mam-
malian Cells. We then examined the dynamic ranges of biosensors in mammalian cells. In response to pervanadate (PVD), a tyrosine phosphatase inhibitor and hence biosensor activator, the dynamic range of Src biosensor with YPet as the FRET acceptor was 176% comparing to 77% with cpVenus and 32% with Citrine in HeLa cells (Fig. 2 A-C , Movie S1). When Vav2, a GEF and activator for Rac, was coexpressed together with the Raichu-Rac biosensors in mouse embryonic fibroblasts (MEFs), the YPet-based Raichu-Rac biosensor displayed a 70% increase in emission ratio comparing to 15% with Venus and 5% with cpVenus ( Fig. 2 D and E) . Similarly, the MT1-MMP biosensor using YPet, but not cpVenus or Citrine, showed a maximal response to 10% FBS (FBS) stimulation in HeLa cells (Fig. 3A) . YPet as a FRET acceptor also led to a Ca 2ϩ biosensor with much higher sensitivity than Citrine (Fig. 3 B-D , Movie S2). It is of note that the normalized emission ratio change of Ca 2ϩ biosensors with YPet is at least similar or even better than that with cpVenus in live HeLa cells (253% vs. 242%, Fig. 3 C and D) . The dynamic range of absolute emission ratio of YPet-based biosensor is also larger than that of cpVenus (Fig. 3B) , allowing a possible enhancement of signal:noise ratio. These results suggest that ECFP and YPet can significantly enhance the sensitivities of FRET biosensors in live cells and in vitro. The sensitivities of different biosensors as purified proteins or in live mammalian cells are summarized in Table S1 .
The YPet-Based Src Biosensor Revealed a Transient Src Activation with a Subcellular Gradient in Response to VEGF. Both VEGF and Src are critical for angiogenesis. In fact, Src has been shown to mediate the effect of VEGF on downstream signaling cascades and cellular functions (7). However, we had difficulties in detecting the VEGF-induced Src activation using an ECFP/Citrine-based biosensor (18) . Ample evidence suggests that Src kinase functions mainly at the cell membrane (16) . We have hence targeted the YPet-based Src biosensor to the plasma membrane by fusing the biosensor with a prenylation substrate sequence (KKKKKKSKTKCVIM) derived from KRas to visualize the VEGF-induced membrane Src activation in live endothelial cells. VEGF induced a transient Src activation, with a higher activity concentrated at the cell periphery (Fig. 4 A and C, Movie S3). In contrast, the membrane-targeted Src biosensor based on ECFP/Citrine did not show significant FRET change upon VEGF stimulation (Fig. 4 B and C, Movie S3). SU1498, an inhibitor of VEGFR2 (Flk-1), or PP1, an inhibitor of Src, abolished this VEGF-induced FRET response (Fig. 4D, Fig. S3 , Movie S4), confirming that the observed FRET change is due to VEGF signaling and Src activation. In MEFs cultured on fibronectin, YPet as the FRET acceptor also rendered in the strongest FRET response of Rac biosensor comparing to cpVenus or Venus upon 50 ng/ml PDGF stimulation (Fig. S4 A-C) . The relatively weak FRET response upon PDGF stimulation may be attributed to high basal levels of Rac activity induced by fibronectin-integrin interactions. These results demonstrated that the YPet-based biosensor is more sensitive in detecting the possibly moderate but physiologically important Src and Rac activation in response to growth factors.
Src Mediates the PDGF-Induced Rac Polarization. We have further applied the improved biosensors for the study of molecular hierarchy at subcellular levels in cell migration, in which both Src and Rac have been shown to play important roles (20) . We first applied the YPet-based Rac biosensor to visualize the spatiotemporal Rac activity during cell migration in response to PDGF and investigated the role of Src in regulating this Rac activation. MEFs cultured on fibronectin for 3 h displayed an higher FRET signal of Rac at the cell periphery (Fig. 5Ai) , possibly reflecting a Rac activation induced by the nascent integrin ligation during random cell migration (21) (22) (23) . PDGF induced a strong Rac activation at membrane ruffles and a moderate overall activation of Rac in the whole cell (Fig. 5Ai, Movie S5 ). Both the basal and PDGF-induced Rac activity were significantly inhibited in MEFs pretreated with the Src inhibitor PP1 (Fig. 5Aii, Fig. S5 , Movie S6) or in Src/Yes/Fyn triple-knockout (SYF Ϫ/Ϫ) MEFs (Fig.  5Aiii, Fig. S5 , Movie S7). These results suggest that Src is essential for Rac activation. To further characterize the spatiotemporal Rac activity, MEF cells transfected with the Rac biosensor were seeded atop fibronectin-coated stripes (10 m in width) to constrain the cell adhesion and control the direction of cell migration. Rac activity in these cells displayed a moderate polarized distribution, with a higher activity concentrated at the leading edge. PDGF significantly enhanced this polarization (Fig. 5B, Movie S8) . Again, the inhibition of Src by PP1 or Src/Yes/Fyn triple-knockout blocked this polarized Rac activity before and after PDGF stimulation (Fig. 5C, Fig. S6 , Movie S9). Statistical analysis by quantifying the Rac activities over subcellular segments along the migrating direction confirmed the polarized Rac activity, which is significantly enhanced by PDGF and abolished by the inhibition of Src (Fig. 5 D and E) . These results suggest that PDGF induced a polarized Rac activation, which is mediated by Src.
PDGF Induced a Global Activation of Src, Which Is Mediated by Rac.
Because Src mediates the polarized Rac activities in response to PDGF, we then asked whether PDGF also induced a polarized Src activation. To our surprise, PDGF-induced Src activation is global without a clear spatial pattern at subcellular levels, even when MEFs were constrained on fibronectin stripes to have directional migration (Fig. 6A, Fig. S7 , Movie S10). Interestingly, the PDGF-induced Src activation is inhibited by RacN17, a dominant negative mutant of Rac, but enhanced by RacV12, a constitutively active mutant of Rac (Fig. 6 B and C, Movie S11) . These results indicate that although the activations of Src and Rac in response to PDGF have differential spatial characteristics, Src and Rac mutually regulate each other. Further investigations revealed that RacN17 disrupted actin filaments (Fig. S8 ) and the disruption of actin filaments by Cyto D blocked the PDGF-induced Src activation (Fig. 6D, Fig. S8 ). Together with the observation that Cytochalasin D inhibited PDGF-induced Src activation in MEF cells transfected with RacV12 (data not shown), these results suggest that Rac regulates the PDGFinduced Src activation via actin cytoskeleton.
Discussion
In this article, we have demonstrated that ECFP and YPet as a FRET pair can significantly improve the sensitivity of genetically encoded biosensors for a variety of signaling molecules, including tyrosine kinase Src, small GTPase Rac, Calcium, and membrane-bound matrix metalloproteinase MT1-MMP. This is particularly so in live cells (see Table S1 ). The improved Src biosensor allows the visualization of Src activation with high spatiotemporal resolution in endothelial cells upon physiological VEGF stimulation. The application of multiple improved biosensors also revealed that Src and Rac activities displayed distinct spatial patterns at subcellular levels although they are engaged in mutual regulation. In summary, our results indicate that ECFP/YPet should serve as a general FRET pair to enhance the sensitivity of existing biosensors or to develop new ones with high sensitivity. These improved biosensors can allow the elucidation of the molecular hierarchies at subcellular levels in live cells.
Genetically encoded FRET biosensors have revolutionized the field of live-cell imaging. However, FRET efficiency depends on the sixth power of, and hence sensitive to, the donor-acceptor distance. Because of the large size and thick ␤-barrel shell of FPs encompassing the embedded fluorophores (1), the usable distance for FRET between FPs is within 6-7 nm, which results in the generally small signals of FRET biosensors if not meticulously optimized (17) . Hence, our discovery that the ECFP and YPet pair can significantly enhance the sensitivities of a wide spectrum of FRET biosensors should have broad impact on live cell imaging and cell biology in general. It was revealed recently that the enhancement of FRET sensitivity by the CyPet/YPet pair is due to the intrinsic dimerization between these two FPs (24) . We have also examined the monomerized ECFP and YPet with A206K mutations (25) . The sensitivity of ECFP/YPet-based Src biosensor was significantly reduced by FP monomerization both in vitro and in mammalian cells (data not shown). These results suggest that the high sensitivity of our biosensors with ECFP/YPet pair, at least in part, is attributed to the dimerization tendency of ECFP and YPet. This supports the notion that the weak dimerization tendency of some FPs can be used to increase the biosensor sensitivity as long as the affinity between the designated interacting molecular domains within the biosensors is stronger than that of FP dimerization to cause conformational changes. It is of note that the VEGF-induced activation of Src biosensor is transient and reversible (Fig. 4) , suggesting that this dimerization may not cause artificial complications in reporting physiological signaling responses.
VEGF is recognized as the key regulator of angiogenesis and vascular permeability (26) . VEGF has also been known to activate Src in endothelial cells to disrupt adherens junctions (27) . Our improved Src biosensor clearly revealed a transient Src activation in response to VEGF, with a higher Src activity located at the cell periphery (Fig. 4A) . In contrast, the ECFP/ Citrine-based Src biosensor did not detect a significant Src activation in response to VEGF (Fig. 4B) . These results suggest that the improved biosensors can detect relatively moderate, but physiological important signaling activities with high spatiotemporal resolution.
The distinct activation patterns of mutually regulated Src and Rac in response to PDGF are intriguing. Although Rac activity clearly demonstrated a polarized distribution with high activities concentrated at the leading edge of directional migration (Fig.   5) (23, 28) , the Src activation appears to be global without a specific subcellular pattern. The distinct spatial patterns of Src and Rac activities may reflect the different activation mechanisms of Src and Rac in response to PDGF. In fact, PDGF activates Rac and cell polarization through the coordination with integrins (29, 30) . PDGF receptor and integrin ␣v␤3 have been shown to colocalize at the leading edge of migrating cells (29) . The stimulated PDGF receptor and its phosphorylated cytoplasmic tails can recruit P85 and PI3K to converts PI(4,5)P2 into PIP3, which subsequently recruit Rac GEFs, such as Vav2 and DOCK180. At the same time, the accumulated integrins and nascent integrin-ligation at the leading edge can recruit Rac to membrane lipid rafts (21, 31) . This concurrent localization of Rac and its GEFs leads to the polarized Rac activity, with its high activities concentrated at the leading edge. Activated Rac can further form positive feedback loops with concurrently localized PI3K and integrins to maintain a persistent polarization (32) . This PDGF-activated polarization of Rac is mediated by Src kinase (Fig. 5) , which has been shown to regulate PI3K and other Rac GEFs (e.g., DOCK180) (33) . In contrast to the Rac activation, Src kinase can be directly recruited by the phosphorylated cytoplasmic tail of PDGF receptor through Src SH2 domain (34) . It appears that integrins and their ligation may not participate in the PDGF-induced Src activation. In fact, significant Src activation in response to PDGF can be observed in cells cultured on Con A (data not shown), a nonspecific adhesion molecule independent of integrins (35) . The PDGF-induced Src activation may be facilitated by the Src translocation from perinuclear regions to plasma membrane upon PDGF stimulation, mediated by Rac and actin filament (15) . Indeed, the inhibition of Rac by RacN17 or the disruption of actin filaments inhibited PDGF-induced Src activation (15) (Fig. 6D) .
The distinct spatial patterns of mutually regulated Src and Rac also suggest that molecular interactions and their biological functions in live cells are largely dependent on their subcellular location/environment, possibly because of the different sets of mediator molecules at different subcellular locations. This notion is underscored by recent findings that (i) Src induces the p190RhoGAP activation and subsequently inhibits RhoA at the focal adhesion sites (34), whereas Src activates RhoA at podosomes (36); (ii) RhoA couples with its downstream molecule ROCK at the cell rear and a contractile region behind lamellipodium, but colocalizes with another substrate molecule mDia at the leading edge of a migrating cell (37, 38) .
Recently, novel FPs with superior fluorescence properties have been developed, including BFP variants Azurite and EBFP2, CFP variant mTFP1, and RFP variants TagRFP and mKate (2) . However, the usefulness of these new FPs for FRET applications in live cells has not been examined extensively. Future studies are warranted to further explore and develop improved FRET pairs.
Methods
Gene Construction and DNA Plasmids. The construction of Src FRET biosensors is similar to that described (18) . In brief, the central fragment consists of the c-Src SH2 domain with a SphI site at the N terminus followed by a flexible linker, a substrate peptide derived from p130cas, and a SacI site. This fragment was further fused with an N-terminal ECFP and a C-terminal YFP variants (Citrine, YPet or cpVenus). The membrane-targeted Src biosensor was constructed by fusion of a prenylation substrate sequence (KKKKKKSKTKCVIM) from KRas to the C terminus of the cytosolic biosensor. Rac FRET biosensors were derived from pRaichu-Rac1/RacCT (28) , by replacing Venus with cpVenus or YPet. The C-terminal 11 aa of YPet were deleted the same as Venus in the Rac biosensors. A highly sensitive Ca 2ϩ biosensor (YC3.6) containing cpVenus (in which the N-and C-fragments of Venus were swamped at Asp-173) as the FRET acceptor was described (19) . Citrine and YPet was applied to replace cpVenus to generate different versions of Ca 2ϩ biosensors. For the MT1-MMP FRET biosensors, the substrate peptide sequence CPKESCNLFVLKD connecting a N-terminal YFP variant (Citrine, cpVenus, or YPet) and a C-terminal ECFP was derived from MT1-MMP substrate-molecule, proMMP-2 (39). Biosensor constructs for Src, Rac, and Ca 2ϩ were cloned into pRSETB (Invitrogen) for bacteria expression and into pcDNA3.1 (Invitrogen) behind a Kozak sequence for mammalian cell expression using BamHI/EcoRI. The MT1-MMP biosensors were cloned into pRSETB (Invitrogen) using BglII/HindIII and into pDisplay (Invitrogen) using BglII/PstI for outer membrane expression in mammalian cells. The negative (N17) or active (V12) mutant of Rac biosensors and monomerized YPet (A206K) were generated by using QuikChange Site-Directed Mutagenesis Kit (Stratagene).
Microscope, Image Acquisition, and Analysis. Cells expressing various exogenous proteins were starved with 0.5% FBS for 36 -48 h before growth factors (50 ng/ml) or Pervenadate (20 M) stimulation. During imaging process, the cells were maintained in CO 2-independent medium (Gibco BRL) without serum at 37°C. Images were collected by a Zeiss axiovert inverted microscope equipped with a cooled charge-coupled device camera (Cascade 512B; Photometrics) using MetaFluor 6.2 software (Universal Imaging). The parameters of dichroic mirrors, excitation and emission filters for FRET and different fluorescence proteins are shown in Table S2 . The emission ratio images were computed and generated by the MetaFluor software to represent the FRET efficiency before they were subjected to quantification and analysis by Excel (Microsoft).
Statistical Analysis. Statistical analysis was performed by using a Student's t test function of the Excel software (Microsoft) to evaluate the statistical difference between groups. A significant difference was determined by P value (Ͻ 0.05). The description of other methods can be found in SI Text.
